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SUMMARY

Four equations, relating the structure of polymers in numeri-

cal form to their glass transition temperatures (Tg)s, are evalu-

ated using a large data set of 1179 polymers. Additive temperature

parameters, for the relationship giving the best fit to the data,

are tabulated which enable predictions to be made of many polymer

Tgs outside the data set. These parameters also provide a measure

of the relative effectiveness of groups in internally plasticising

polymers. I .Z&
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I INTRODUCTION

This is Part 3 of a series of Reports on the calculation of the glass

transition temperatures (Tgs) of linear polymers. An ea: lier Technical Memoran-

dum emphasised the importance and significance of the Tp , Part I of this series
2described how a large data set of polymers could be ordered unambiguously , and

Part 2 described the data set itself3 .

Since the glass transition temperature (Tg) of polymers was first observed,

workers have attempted to relate polymer chemical structures to their Tgs and

interest in the subject is reflected in the fact that there have been over 100

papers on the calculation of Tgs since 1965. Unfortunately, the polymer data sets

to which the relationships have been applied have been insufficiently large, in

most cases, to provide an adequate test of their validity; the data chosen could

have provided, adventitiously a better fit to the relationships than might be

found with a different, or larger, polymer data set. The significance of the

size of, and distribution of polymers and groups within, the present data set of
31179 polymers has been discussed

In the present Report, the results of applying four relationships to the

1179 polymer data set are described. Additive temperature parameters (ATPs) are

calculated which may be used in the prediction of polymer Tgs; these parameters

also provide a measure of the relative effectiveness of groups in internally

plasticising polymers. This Report goes on to provide analytical data on the

results in the form of tables which facilitate updating of the data set by cor-

relating calculation errors with specific polymers and groups. However, this

aspect is not pursued in discussion as the main object of this Report is to pro-

vide the already-mentioned ATPs.

2 RELATIONSHIPS EVALUATED

Some of the relationships evaluated have been used before on a small data

set of polymers having alkyl side chains4 . A much larger set of such polymers

are included in the present data set. The previous analysis did not use the

Bayesian statistics of the present calculation and therefore did not provide ATPs
. . here,

6

00 for each chemical group as does the treatment described here There are other

distinctions. The relationships tested in the present analysis are:

L-x
Tg = r (n Tg.) (1)

tI&= i
(2)

11 IIS I A'
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and 
Tg 

(

is-K
tnTg - (n inTgi) (4)

i-I

where Tg - glass transition temperature of the polymer,

Tgi - the additive temperature parameter (ATP) of the ith group,

ni- mole fraction of the ith group,

w. = weight fraction of the ith group
1

and x - the number of groups in the polymer.

In this treatment, a 'group' is considered to be the smallest polymer seg-

ment capable of independent torsional oscillation with respect to its nearest

neighbours and is otherwise as previously defined3 . Each group is identified

by an arbitrary code number and the nearest neighbours are considered to be

invariant. Dependant as the Tg is on the barriers to rotation between groups

and their ndarest neighbours, this condition is considered to be an essential

aspect of the present treatment. Equation (1) has been successfully applied
S .7,8

previously to smaller data sets in a different type of statistical analysis.

This equation would be the same as the simplified form of the DiMarzio and Gibbs

relationship9 if ni represented the fraction of rotatable (flexible) bonds in

the ith group and Tgi were equal to, or a constant fraction of, the T2 value

of a homopolymer of the ith group; T2  is the temperature below which such a

polymer possesses zero configurational entropy. However, the application of the

equation here is purely empirical and embodies the assumption that the Tg of a

polymer is a linear function of the Tg contributions of its constituent groups

in proportion to their mole fractions, with the important qualification, repeated
2,3for emphasis, that the neighbours of the single-groups are invariable

The application of the first equation is illustrated with respect to the

first polymer of Table 5 of Part 2 3 whose structure, in numerical terms is repro-

duced below. * indicates the beginning of a new polymer data line, so "833 I"

is a continuation line.

1 8 219 56 I 57 1 58 I 59 1 60 1 72 2

833 1

The polymer, identified as number I, contains eight groups, has a Tg of 219 K,
has one each of groups type 56, 57, 58, 59, 60 and 833, and two groups of

type 72.

-. ,- -= .= =, ... • nnn~.. • ilII____ 1 ,-
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Applying equation (1) we find:

219 - (56 + 57 + 58 + 59 + 60 + 72 + 72 + 833)/P

where the group numbers, within parentheses, are here used to identify the para-

meter numbers of groups, (ATPs or Tgs), not the parameter values. Thus, for

example, 56 is a parameter number for group 56 which has a value whose units are

in degrees K. The Tg is therefore seen to be equated to the average Tgi (or ATP).

The statistical treatment of the equations is described elsewhere5'6 .

3 RESULTS

Each of the equations provided a set of ATPs for the groups in the data set.

From these parameters the Tgs of all the polymers were calculated and Table I

shows the rms of the difference between calculated and observed Tgs (rms) for the

four equations.

Table 1

Equation rms (K)

1 12.6

2 15.6
3 21.1
4 15.2

Evidently, the first equation provides the lowest rms error. The maximum error

in calculated Tg (see below) is associated with the same polymer, polymer 1325,

for all equations. This polymer has a side-chain of 10 carbon atoms next to a

heterocyclic ring and the published Tg may have been accorded to disordering of

the carbon chain and be a sub-transition, rather than Tg which is normally

regarded as marking substantial rotational liberation in the main chain. However,

data have not been excluded from the set unless it was more certain that either

the structure of the polymer, or the Tg value were positively in doubt. If the

- errors in calculated Tg are compared with the polymer structures it will be found

C that in many instances the higher Tg errors are associated with polymers having

long carbon-chain sequences. Table 2 (microfiche) provides details on the dif-

ference (DITF) between observed and estimated Tgs for each polymer using the -

different equations. In the table, DIFF, FDIFF, HDIFF and LDIFF relate to

equations (1) to (4), respectively.

As the lowest errors are associated with equation (1), and equations (1),

(3) and (4) are much easier to apply than equation (2), which requires a group
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weight parameter, the remainder of this discussion of results is restricted to

those deriving from the use of equation (1).

A major interest of the present work stems from the need to know the rela-

tive contributions of different groups to the Tgs of polymers. Table 3 there-

fore shows the ATPs associated with each group in numerical order of increasing

ATP and Table 4 presents the same data, but in hierarchical order 2 of the main

(or central) single-group and simultaneously in increasing numerical order of

ATP in respect of groups having the same main single-group, but one, or more,

different neighbours; main- (M) and side-chain groups (S) are differentiated.

This differentiation applies to the central group only. Though it is not the

purpose of this Report to do other chan present the results in the tables, it

will be noted that numerous comparisons may be made between structures and ATPs.

In general, despite the empirical nature .of the relationships, it is seen that

those factors which hinder rotation of the main group with respect to the neigh-

bouring groups, such as polar interaction, bulkiness, steric factors, etc, tend

to raise the ATP, and conversely, as is well known for polymer Tgs.

A disturbing feature of the results, despite the low rms error, is the

large error in calculated Tg (>20 K) associated with 121 out of 1179 polymers.

An analysis is therefore presented showing which polymers are associated with

particular calculated Tg errors, Table 5 (microfiche computer printout), and

which groups are associated with particular calculated Tg errors, Table 6

(microfiche computer printout). In Table 6, the columns are from left to right:

line number (line I is not represented), group number, average Tg error (TGE),

maximum Tg error, and paired numbers representing polymer number and associated Tg

error for however many polymers contained the particular group. Continuation lines

are distinguished by having no entries in the second to the fourth columns.

4 CONCLUSIONS

Of four equations, relating the structure of polymers in numerical form

to their glass transition temperatures (Tg)s, the best fit, to a large data set

of 1179 polymers, is provided by the equation relating the Tg to the mole frac-

tion of groups in the polymers expressed in terms of group additive temperature

parameters. An important proviso of the treatment is thac the nearest neighbours

of groups should be invariant.

Additive temperature parameters, for the relationship giving the best fit

to the data, are tabulated which enable predictions to be made of many polymer

Tgs outside the data set, These parameters also provide a measure of the rela-

tive effectiveness of groups in internally plasticising polymers.

, i I i .|i
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Table 3

GROUPS IN NUMERICAL ORDER OF ATP

I . I I
2~72

162C(M] Ri? -72 874(M) ATP -52 519CM) RTP 0 773(S) RTP 44*

PX2

561(] RTP 52 741 CS RTP 54 1000CM) RTP 58 572M] RIP 67

a1 IS] RTP 68 1962(M) RiP 69 1963(M] Ri? 6 625(51 Ri? 70

I

9 CH3

548(S) RTP 90 1165CM) RTP 545(M! RTP 115 S24(5] RTP 115

I I-N "F

-°z" z' y cts "2

I6S(M) RTP 123 163(S) RTP 126 122(K) RTP 127 59(S) RTP 129

I

643(M] RTP 131 975(M) RTP 132 13WM] RTP 133 236(S) RTP t38
.~i .- c,1- -C-- i*1-

0 ~ H2

557(S) RTP 139 68(S) RFI 139 49(S] RTP 140 814(S) RAP 147

-CHCH--RRNS -NH-S -H- =0 N1

123(m) RT 149 508(M) RiT 151 57(S) RT 153 8185) RT 153

t I
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CH3--

-C2tCH 21j-CH~f -CfSi Ci

CM3  CH3

1321(M) ATF' 155 588(M) ATP 157 841(51 ATP 158

1 2
c1H C 2  

1 1

IFZCF 3  0

181(S) ATP 159 421(Sl ATP 159 441(MJ PTF 160

CH3-Si -CH-3  r1

673(M) RTP 162 961(S] RTI' 163 60(S) ATP 164

-S-S-CHf C =Ctl-CH --CH -NH

538(M) Ri? 165 849(M) RTP 166 19691M) ATP 168

I -N=PF 2 -N=F 2 -NPF2 -

N-N
19I701) ATRi 165 704M ATP 169 7701M) RTP 169

-DH=CH- - C~

2 CH3

1302(M) Ri? 169 645(M) Ri? 170 3721M) ATP 171

1 r2

[cH2] 02

2 l2

1354(S) RTF 172 991M) Ri? 174 -- 1352(S) RI? 175
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7 H2 7~H2

CHZ]
14H

1355(S] ATP 175 1358(S) P 175

2058(M) AT? 175 433(M) RTP 171

-1CF2CFf

982CM] AT? 177 10761M] AT? 177

013

013

297 (MJ AT? 181 630(M) AT? 183

797(M) ATP 183 -261M) AT? 184

IIz

13S31S) AP 184 459(M) AT? 185

N-
I15-H -S-CF2 -S-

612(SI AT? 185 7SI (MI AT? 18

T-90

471 (S) AT? 189 726(s) AT? 191
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-C-0-CMh- 14 CM3  mr -CM3  -

103(14) RT? 193 1314(M) ATP 194 435(1M3 RT? 195 4(M]3 ATP 195

[CH2 [C2] --C2CMH2tf

547(14) RTP 197 1357(S) ATP 198 1359(S) ATP 199 1305(143 RTP 201

C7jH2 cCis

1403(4) AT? 201 2351S] RT? 202 445(1M3 RT? 202 3041M) RT? 203

IF2 CL
CMV~-N' I -N- M~ I I I

Yr2 3 I

891(14) AT? 203 1452(S) AT? 203 13031M) AT? 204 637(M) AT? 205

2 ~0 K~--0CC- -7
CI-

230(S) ATP 207 S74UM AT? 207 SS6(S) ATP 207 1307(4) ATP 208

I~ Io I1

H N- CM2

223(14) RTP 209 796114) ATP 209 821(S) ATP 209 295(43 ATP 210

F012] O-HO
IH110 CF3 3

1360(S) Ri? 210 164(S) RT? 213 425(1M) AT? 213 4551M) RTP 213

F-c2-C- CF3  2

L140211M) Ri? 213 39(14) RiF 214 578CM) AT? 214 579(M) Ri? Z14



II

SYNOITRCTIC

C -- C-CH- -0M-

CM2

1304(M) RTP 215 531(M) ATP 216 177(M) ATP 218 1112[M) RTP 218

[C1z [c1 1] CMT 3- 1-C3M 3
I s- I

1456(S3 RTF 219 14551S) RTP' 221 915(53 AT? 223 929(S] RTF 223

1mC3 M-C-

s -CB5H5 C-S) I -U- -CH 2-t Htf

CF3  ,.2 LM3

48(S) RTP 224 742(S) RTF 225 676(M) RTP 226 13081M) RTI 226
I

-N=--P
I

-CM2--tNj-H- - ~CH C 2 C 2 C~

1309(M) RTP 226 291(M) RTP 227 2212(S ! TP 227 494(M) RTP 228

ICH2  H3[CM]-0SI C!
-I NH- H-CH-CH-F I -Le

1237(M) ITP 229 833(M) ATP 230 1358(S) ATP 230 467(M) RTP 231

-N-

-S-CHf-S- CMi-CM 3  11CHiH
I 3  -0-c-CH I C.IT CH3  MH2

0o 543(M) RTP 231 1241(S) RTP 231 178(M) RP 232 237(S) ATP 232

C=0
-c~z-t CF2 CFf- I -0-Cf-cmf -0 -

yrM2

1406(M) RTP 232 S8(S) RTP 233 981M) RTP 234 651(M] RTP 234
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191(M RI! 235 981(M Ri? 237 2184(M) ARI 237

2201(M) RTP 237 3(M) RTP 238 454(M) RIP 239

-s-(Tf-C~f I -N--S 1I
o13 -6 f "2r

1841) Ri? 240 482CM) RTF 240 608(M) RA 4

?2

1361(S) RT? 240 1404(M) RTP 240 589(M) RTP 241

"13

647(31 Ri? 241 645(M) Ri? Z41 864(S) Ri? 241

T2~
013

lOS(S) AT? 242 55CM RIP 242 4W3(M) AT? 244

1 013

IH2]13 V-Y013

I CH

707(M) ATP 246 1345CM) RT? 244 231(S) RTP 247
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1*1

334(S) RTP 252 73511) RIP 252 759(1M) RTP 242 74(M) RTP 253

CHM
3

C?3  fCMZ

3354(S) R? 2S5 52(M) R? 26 259(3 R? 5 785(S) RTP253

CM 3 3

1411 RTP 258 266(M) Ri? 29 SON11 Ri? 24 131(11) Ri? 290

2T

2 YF2 F2

CM vNO 2

183(S) RTP 2S3 571M1) ATP 257 2920(S) Ri? 2M 29() Ri? 28
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043

12004) Al? 206 1048(31 RT? 268 6533 AT? 297 1301M4 ATP 267

i C13

?12 -0-Sl
F3TRR4S N I

SCH14 AT? 268 307(14) ATP 288 548 S) T27ZSMRP21

-~~ -DP4Di-qc4 -72

I 7, 2114

979 (3) AM 271 986041 Al? 271 116001 AM? 271 13641S) Al? 271

?12 cl 0 -I- n
64CS) Al? 272 306(1 Al? 272 460(1M) AT! 273 497(5) AT! 274

64 _ _ 7

853tS) AlI 276 1043(S) AT! 276 121(M4) ATP 277 594(M41 Al? 277

?'2 T2 -CKZ-ClN-CHf

Tj2

854(S1 ATP 278 166(S) ATP 279 431(41 AT? 280 524(S) Al? 260

0 2koo 04

1763(1) Al? 2w0 1784(1M) AT! 280 1765(141 Rl? 2W0 SUCH1 Al? 281
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I CF I
CF3CF 3

JF2 
3

90151 ATP 292 84(S) ATP 292 M (M)3 ATP 294 45(S) RTP 294

IN--
043

239(Sl ATP 294 925,(S) AT? 294 M06S) AT? 295 716(S) ATP 285

1385(S) ATP 285 123(14) AT? 287 375(4) AT? 286 377M14 RT? 288

CfCF

012 Ti,3 COF2

403M14 AT? 289 52HIM) AT? 289 947M14 AT? 289 790M5 AT? 290

%)C3 ?I

115(4) RIP 291 442tS] RTP 291 584(S) R7? 291 11381) RTP 291

?12-01-l -12-

a0 9 1?12

1774(M4 ATP 291 826(S) AT? 292 933(5) AT? 292 302 (M) mi 293

9 -9r7F -N-1~-
0 f

I 2 0

00

700 (S) AV? 2M 1400(4 i?251545 AT? 235' 48(4) RT? 231
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I0C~~ IS-C

CF3  013

769S ATP 296 1070(S) ATP 296 43CM R7? 297 551CM) ATP 297

648(S) IP 297 15310141 ATP 2V7 526CM) AT? 296_ 192IM3 AT? 298

F F

1926(4 AT? 290 SCK) r? me9 1321M)_AT? 299 134CM] AT? 299

~n2 Cj-F 2 C

?12 0

S10(S) AT? 298 1011 AT? 300 1941(14) AT? 300 13421)14 AT? 300

013 %1 013 013

721S3 AT? 30t 619(S) AT? 301 SO3NS) AT? 301 706M1 ATP 301

1991M14 AT? 301 139M14 ATP 303 779(S) AT? 303 13061)14 ATP 303

?'2 0'2 ql

013 72 3

813(3) AIT? 304 1405CM) ATP 304 130(S1 AT? 305 So9M AT? 305

-l

M51 AT? 305 CS(3 AT? 305 1162CM) AT? 305 11631)14 AT? 305
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~~T2
CF2

1061 (S) RITP 306a 639(S) MP? 307 17701 MT? 307 44(1M) AT? 306

C?3  912

131 (NJ AlT 306 t79(Sl ATP 308 66(Sl AT? 309 135(1M) ATP 309

- SYNOZOTACTIC

I 2~ -rH-Olj-CI-

138114 MT? 309 931)(1) RT? 306 36(4 AMP 310 536(142 AT? 310

621(31 AT? 310 104615] AT? 310 G68(14 AT? 311 NO (M)2 AT? 311

CF3  P1!

772(52 FIT? 311 1135(S) AT? 311 1366(52 FIT? 311 468(M)2 AT? 313

22311S2 AM? 313 2159142 ATP 315 73312 ATRI 317 28 AT? 323

778(5) AT? 316 194(53 MT? 319 2fl(142 RT? 319 780l(S) AT? 319
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CK3

O02 IS) ATP 319 1909(M Ri? 320 1911(M RT? 320 602(M RT 321 8391M] RTP 323

10621S) RT? 323 176CM) ATP 324 1233(M RTP 324 141(M RT 325 144(M) RT? 32S

CF r c"T Costisc-7I0-

816M RT 32S SWI(M AT? 32S 92(M) ATP 326 38()A?326 542(Sl RT? 326

C'S

u13 013 Cl

65CM RTP 327 10341S] AT? 327 1143(M RTP 327 328(S) Ri? 328 581 IS) AT? 328

709(S) ATP 328 138(43 RT? 329 1004M Ri? 329 1790(M RYP 329 3111S] ATP 330

TF2  0r2C ~
& CH3

509(S) ATP 330 1866M AT? 330 2054(M) ATP 330 203M AT? 331 507(S) AT? 331
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1015(141 AT? 331 1173(Sl ATP 332 1271M4) Al? 333 521(1M) ATP 333

-

Q-0-C?3
qF2 ~ CF3  7

140($l RT? 334 2S~tS3 AT? 334 10321S) AT? 334 28(S) AT? 33S

F

638(5) AT? 335 1047 (14 AT? 33S 332(51 ATP 336 439(S) AT? 336

71S(4) AT? 336 16111142 AT? 336 655(141 RT? 337 50(14) ArF 339

51IM4 AT? 339 1061153 AT? 339 674(4) AT? 340 68214) AT? 340

Cm1T7-CH3  cfCf

j2042 (5) AT? 340 540(14) AT? 341 640(5) AT? 341 I__31M_ AT? 341



20

T

2=1315 AT? 34t 500 (3) ATP 542 849(M) AT? 542 WO0(M) AT? 342

W)_A

2018(M) AT? 543 470(3) AT? 544 477(3) AT? 344 16(M AT344

5FZ

1455(31 AT? 344 189(M) AT? 345 9051M) AT? 545 O69CM) AT? 348

00

110(M) _______347 _ 1 1045(8) AT? 347 11240C(M) AT? 347 11017 (M) AT? 34a
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- oI -N'

Ct

33OM3 RT' 349 5391M) AT? 350 810M) RTP 350

'3 0

1073(S) ATP 350 10741M) ATP 350 121S(M3 AT? 350

21791M) RT? 350 1281M1 AT? 352 303(5) RT? 352

-N=P-
- P -N- I

629(53 AT? 352 7121M AT? 352 822 (M RT 352

0 - - o-

877(M1] AT 352 1620(M] AT? 352 462(4H RT 353

0

0
11o t66(M) AT? 353 1159tM) AT? 35 51(33 ATP 354

F*0I I I-C 5 M 5 -

-- H=i'C34C -2-

cM 3 m

H2 CH3 '

777(5] AT? 354 2030(5] ATP 354 6751) AT? 355
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-0- F F F

-Di0-C-ti

17381M)3 AT? 355 19001M) AT? 355 4.05(53 AT? M5 786]1M3 AT? 356

571(143 AT? 356 1761 (M] RT? 356 I856(42 AT? 358 802114 ATP 357

1954(M)3 AIT 357 1955(1M) AT? 357 7951M) AT? 356 253(S3 ATP 359

(1
is? 5 7911M) T? 3S9 IOMI53 AT? 358 10501M) AT? 359

1213111AT 358 1211 (43 AT? 360 1710(1M) AT? '360 190(53 T? 36

CH.3  013 0______________

5231143 AT? 362 631 AT? 362 993(53 AT? 362 1944(14) AT? 352

614(S3 AT? 363 627(1M1 ATP 363 1142(S) AT? 363 1724(43 AT? 363

00

00

1204(143 ATP 364 605(51 AT 365 686(S3 AT? 365 S9(4 AT? 366
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Fi-0-

1035(S) AT? 388 1111 (M) AT? 366 1917(M) AT? 366

CR3 NM

4693(M) T? 367 599012I AT? 36 29 S) AT? 36

CCF
3

lol CiOml -)0-C HCTCX

CS)R A CS CM3

457M)RF 6 541 CM) AT? 373 121 (S) Al? 373

CII

o1044(SJ AT? 373 113(M) AT 34 2145M) AT 37

II
N- CF3

181() RT 37 S94M) ATF 374 57(5) AT? 3730,&
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10361S) AT? 376 1762(1M AT?* 376 157(M)3 ATF 377 732(31 AT? 377

F3 N-

?2 T=O

C3 BrN- 0

827(13 AT? 377 1054(S) AIT? 377 S44(11 AT? 378 20511S) ATP 379

C-C

c=0 I

784(M13 AT? 380 117(Ml AT 384O T 23( 3 81 14(S)T 81

6481S] AT 36 78(51 AT? 386 2111M2 AT? 386 6() AT 38

CN 2F

50 (11N AT? 367 13(1 AT 37 1030(53 AT? 387 242(S3 AT?387
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TRNS H TRANS
2~~2 ItTRANS

1629(N) RTP 388 1481M) RT? 389 6891N) RTP 389 6901M) AT? 389

0 ~-0--'CH 0

VON() RI? 389 851(S) AT? 389 9731M) ATP 389 1152CM) AT? 389

H H

Sr~0

1261(M) AT? 390 698() Ri? 392 725 IN) AT 39 1S131) AT 39

-. 7o
00

T0 N 0 5F.

597(M Ri? 39 16965(M) AT? 394 21M) AT? 394 971M1 AT? 395
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'i?2

988(N) AT? 395 990(3) AT? 385 1089(S) AT? 395 1593(M) AT? 395

-CHCH

1041(S) ATP 396 1290(M) ATP 396 20311S) ATP 396 93(M AT? 397

N-

N

113315 AT? 397 10631M)1 AT? 398 71(S) AT? 399 W9151 AT? 399

1124(t4) AT? 399 122e(N) AT?' 399 903(5) AT? 400 1071 M AT? 400

-NHi N41-

TRANS

14211M4) ATP 400 1592(N) AT? 400 1904(M) ATP 400 87(M) AT? 401

173(5 AT? 401 794(M)l AT? 401 1243(M AT? 401 1292(M1) AT? 401
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2187(M) ATP 401 t24(MI RTP 402 1255(MI ATP 402

1257(Ml RTP 402 2015(M) RTP 402 7241M) ATP 403

1144(M RTP 403 171(M] RTP 404 ISS(S) RTP 404

226M) RIP 44 2V50(S) RP 404 104() AP 404
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